Abstract This work aims to investigate the hygroscopic behavior of grugru palm powder through adsorption isotherms and its degree of caking. The powders of grugru palm (T1 -without maltodextrin, T2 -with 8 % of maltodextrin) were obtained by oven drying at 65°C for 25 h. The experimental data was obtained through static gravimetric method at temperatures of 25, 30, 35 and 40°C with different saturated salt solutions. The models of GAB, BET, Henderson, and Oswin were fitted to experimental data. The values of hygroscopicity were 6.39 and 5.17 % and degrees of caking were 3.11 and 0.03 % for T1 and T2, respectively. The adsorption isotherms from mathematical models can be classified as Type III. The GAB and Oswin models were the best representing the behavior of the powder isotherms, T1 and T2, respectively. The grugru palm powder proved to be non-hygroscopic and nonagglomerating. The T2 with 8 % of maltodextrin presented the lowest hygroscopicity.
Introduction
Brazil has a wide variety of oil plants, natives or introduced; among these species, the grugru palm (Acrocomia aculeata) stands out for being highly productive and native to arid and semiarid regions (Kopper et al. 2009 ). The pulp is eaten fresh or used in the production of powders that can be used in drinks, candies, ice creams, custards, cakes, jellies and juices (Brasil 2002) .
The grugru palm presents a pulp which is consumed fresh or utilized in the production of flour that can be employed in different foods; this fruit is sweet, mucilaginous and can be cooked for soft drinks and ice cream (Brasil 2002) .
According to Ramos et al. (2008) , the bioavailability of β-carotene, a precursor of vitamin A, in the pulp of grugru palm is greater than the bioavailability of pure β-carotene.
According to Fernandes et al. (2011) , it is very important and critical in the economic process to select a suitable drying process for preservation of fruit characteristics. The research on drying of common fruits has been extensively carried out; however, studies on exotic, tropical and native fruits are scarce.
During storage, foods exposed to several relative humidities and temperatures; and tends to reach equilibrium with the environment and accordingly adjust the moisture (Toneli et al. 2008 ). Mathlouthi and Rogé (2003) stated that to explain the hygroscopic behavior of different food products, mathematical models of adsorption isotherms have been proposed.
The understanding of adsorption isotherms of food moisture is very important in science and technology of food for many purposes, such as design and optimization of industrial processes, e.g., drying, packaging and storing, so it is crucial to model moisture changes taking place during dehydration and in order to predict the stability of shelf life (Jamali et al. 2006) .
According to Jaya and Das (2004) the hygroscopicity is the ability of food powder to absorb moisture from high relative humidity environment. In the case of fruit powders, glucose and fructose are responsible for strong interaction with the water molecule due to the polar terminals present in these molecules.
Studies for obtaining grugru palm powder is very important for food technology, because it is necessary to discover the best techniques to attain the best storage conditions. Hence, the objective is to investigate the hygroscopic behavior, the degree of caking and to apply mathematical models to predict the adsorption isotherms of grugru palm powders obtained by oven drying with forced air ventilation.
Material and methods

Raw material
The grugru palm fruits were harvested in the Araripe Plateau, Cariri region, Ceará State, Brazil, and taken to the Laboratory of Food Quality Control and Drying. The fruits were selected according to the level of maturity and sanity and later were hygienized for the peeled and then the pulp was separated through a stainless steel knife. The pulp was stored in a vertical freezer (Esmaltec, 340) at −20°C until the the drying process initiated.
Two grugru palm powders were utilized:
Control treatment (T1) -oven drying of pulp without addition of drying adjunvant. Treatment 2 (T2) -oven drying of pulp with addition of drying adjuvant (8 % of maltodextrin 'Maltogill 20®', dextrose equivalent -DE 20). An aqueous maltodextrin solution was prepared and homogenized with triturated pulp before drying.
Oven drying
The pulp was unfrozen and crushed, the pulp for T1 was distributed in stainless steel trays with a diameter of 25 cm; the pulp for T2 was prepared with an aqueous maltodextrin solution and was homogenized and distributed into stainless steel trays with a diameter of 25 cm; and the trays were placed in an oven (Tecnal, model TE-394/l) with forced air ventilation at 65°C for a period 25 h. Right after drying, the product was taken to a rotatory blade mill (MA 048, Marconi) and then sieved (mesh of 1,200 μm) to obtain a homogeneous powder.
Modeling of adsorption isotherms
In determining the moisture adsorption isotherms, a static gravimetric method described by Wolf et al. (1985) was applied using saturated solutions of salts as described by Greenspan (1977) . The salt solutions were prepared and put in tempered glass containers sealed with silicone and stored at room temperature (21±2°C).
Measurements of adsorption isotherms were performed in triplicate. For each cell about 0.20 g of each treatment were weighed in pre-librated aluminum crucibles. Afterward, the crucibles were taken to cells, which contained the saturated solutions of salts.
The process was monitored through sample weighing on analytical balance every 24 h during 10 days until equilibrium moisture was reached. After balanced moisture, the water activity of the samples was determined at temperatures of 25, 30, 35 and 40°C using a w meter (AQUALab 4TEV). Then were determinate of moisture content in an oven (Tecnal, model TE-394/l) with forced air ventilation at 75°C to constant weight.
The equilibrium moisture (X eq, Equation 1) was calculated by the difference between the mass of balanced sample and the dried mass:
Where: X eq 0equilibrium moisture (d.b.); m eq 0mass of balanced sample (g); m s 0mass of dried sample (g).
For adjusting of the experimental data from adsorption isotherms of grugru palm powder, mathematical models of GAB, BET, Henderson and Oswin were used, represented respectively by the equations in Table 1 . The parameter calculations for each model were performed by the software Statistic, version 7.0 (Statsoft 2007 ).
The quality of adjusting different models was evaluated through the best values of the determination coefficient (R 2 ) and the relative mean deviation (E%, Equation 6), defined by Iglesias and Chirife (1976) :
Where: E%0relative mean error; X eqe 0experimental values; X eqp 0values predicted by the model; n0number of experimental data.
Hygroscopicity
The analysis was performed using the methodology A14a, described by GEA Niro Research Laboratory (2003), consisting of powder exposure to air relative humidity (RH) of 79.5 % and checking of weight increase every 10 min until the maximum weight is reached. Approximately 0.5 g of the sample was weighed and evenly spread on a plate, then the plate was placed in the apparatus and the analysis was started. The calculation of hygroscopicity is given by Equation 7. The parameters used to characterize the hygroscopicity of grugru palm powder were obtained as described by GEA Niro Research Laboratory (2003) .
Where: %FW0% free water;
; a 0 weight of plate (g); b 0 weight of plate+powder (g); c 0 weight of plate+ powder in equilibrium (g).
Degree of caking
The analysis was performed through the methodology A15a, described by GEA Niro Research Laboratory (2003), which consists of exposing the powder to absorb air moisture (79.5 % relative humidity) until reaching of equilibrium as described in hygroscopicity. Afterward, the powder was oven dried at 105°C and then sieved under standard conditions (sieve mesh modified to 1,200 μm). What was left in the sieve was expressed as degree of caking. The calculation of the degree of caking is given by Equation 8. The parameters to characterize the degree of caking of grugru palm powder were obtained as described by GEA Niro Research Laboratory (2003) .
Where: a 0 grams of powder used; b 0 grams of powder retained in the sieve.
Statistical analysis
All analysis was determined in triplicate. Data were analyzed statistically through analysis of variance (ANOVA), and differences between the averages for hygroscopicity and degree of caking were determined by Tukey test at 5 % probability using the software Statistic, version 7.0 (Statsoft 2007) .
Results and discussion
The adsorption isotherms of grugru palm powders showed a behavior characteristic to Type III, according to Brunauer classification (Rizvi 1995) , as can be seen in Figs. 1a and b . Note that the values of the experimental data of equilibrium moisture (X eq ) increased due to the increased water activity under condition of constant temperature, as e.g. at 25°C.
From the analysis of Figs. 1a and b, the grugru palm powder tend to gain moisture under environment with a w above 0.1, indicating increased X eq independently of the conditions of relative humidity. Noting at these figures, one can say that for T1 (Fig. 1a) GAB, Oswin and BET models adjusted best in the range of a w from 0.1 to 0.6, but all models had excellent fits from 0 6 to 1.0. In Fig. 1b , all models adjusted to the experimental data of a w from 0.1 to 0.3 and from 0.8 to 1.0, and only GAB, Henderson and Oswin models presented the best adjustments for a w from 0.3 to 0.7. Table 2 contains the parameters obtained by GAB, BET, Henderson and Oswin models for grugru palm powders (T1 and T2) measured at temperatures of 25, 30, 35 and 40°C.
The parameters of the models applied to the experimental data of adsorption isotherms of grugru palm powders (determination coefficients -R 2 and the relative average deviations -E%) were utilized as evaluation criteria for the representation of isotherms are shown in Table 2 .
According to the results shown in Table 2 , all models studied (GAB, BET, Henderson and Oswin) can represent 
Henderson (Henderson 1952 )
Oswin (Oswin 1946) X eq ¼ a:
a a w 0 water activity; X m 0 moisture content in the molecular monolayer (g H 2 O g −1 dry basis); X eq 0 equilibrium moisture content (g H 2 O g −1 dry basis); C 0 constant related to heat of sorption of the molecular layer; a, b, K 0 adjusting parameters. the behavior of grugru palm powders, as they exhibited excellent values of R 2 and E%, respectively from 0.97411 to 0.99961 and from 0.26 % to 1.82 %; these values are below the criteria recommended by Aguerre et al. (1989) , where E% less than 10 % indicates a reasonable representation of the models, and by Labuza et al. (1985) , in which the representation of isotherms is considered extremely good for E% less than 5 %. Thus, the GAB and Oswin models were the best representing the experimental data of T1 and T2, respectively.
The GAB model is reported by several researchers in forecasting adsorption isotherms of various dehydrated foods, particularly Ferreira and Pena (2003) (Blahovec, 2004) . : powder with addition of 8 % maltodextrin. c Abbreviations: R 2 determination coefficient; E% relative average error; X m moisture content in the monolayer (g H 2 O g −1 dry basis); C constant related to the heat of sorption in the molecular layer. K GAB constant related to multi-layers; n BET constant related to multi-layers; a & b adjusting parameters of the Henderson and Oswin models. Fig. 1 Adsorption isotherms of grugru palm powder at 25°C without maltodextrin -T1 (a) and with maltodextrin 8 % -T2 (b). (Abbreviations: a w 0water activity; X eq 0equilibrium moisture content g H 2 O g −1 dry basis) Gabas et al. (2007) reported that strong adsorbateadsorbent interactions are favored by lower temperatures, causing an increase in C, which explain the temperature variation and may be the result of a mathematical compensation between C and K.
The values of X m are in accordance to the values reported for fruits comprising 4-15 % on dry basis (Moreira et al. 2008) ; however, Koua et al. (2012) obtained values for cassava ranging from 6.16g H 2 O.100 g −1 to 3.66 g H 2 O.100 g −1 on dry basis. The (GAB) X m parameter is important because it can be related to the beginning of a series of chemical reactions of food decaying (Ferreira and Pena 2003) . The X m parameter also characterizes the moisture content under which food is stable, because at lower values of X m biochemical changes can be observed -lipid oxidation (Ordóñez 2005) . Thus, the values of X m (Table 2) for grugru palm show low moisture content in the monolayer, hence lipid oxidation can occur during storage in the temperatures here studied. So to prevent and minimize such oxidative processes, packaging should be impervious to air and light.
The Oswin model also showed the best fitting for dehydrated garlic with R 2 ranging from 0.9148 to 0.9488 (Arora et al. 2011); Basu et al. (2011) studying pectin found values of R 2 between 0.82 and 0.97, while E% was less than 0.012. Lomauro et al. (1985) , quoted by Al-Muhtaseb et al. (2002) , reported the Oswin model just fitted 57 % of the isotherms described for foods. For grugru palm powder in this study, the Oswin model presented R 2 value of 0.99818 and E% of 0.52. Jain et al. (2010) stated that the Oswin model can be used to plan and evaluate drying, storage conditions and moisture amount to be removed during dehydration. Sopade et al. (1996) reported that this model can also be used to predict the extension of hydration or dehydration required. Figures 2a and b show the graphical presentations of adsorption isotherms of moisture for grugru palm powder, in all temperatures, adjusted by GAB and Oswin models for T1 and T2, respectively, which represented the best adjustment.
Figures 2a and b show that with increasing temperature there is an increase in equilibrium moisture values of a w higher than 0.6 for T1 and T2. Also there is little influence of temperature on X eq of grugru palm powder with a w below 0.6. Studies carried out with surinam-cherry powder indicated influence of temperature on equilibrium moisture from a w above 0.3 (Vieira et al. 2007 ); this shows the grugru palm powder has a hygroscopicity lower than that of surinamcherry powder. Table 3 shows the values of hygroscopicity and degree of caking for T1 and T2. Treatment T1 rendered higher hygroscopicity and caking degree in relation to T2. This can be related to the addition of drying adjuvant (maltodextrin), which results in decreased powder hygroscopicity, and this fact was also found in the adsorption isotherms of this work.
The powder caking is an undesirable reaction, consisting initially in the powder transformation into an agglomerated and sticky material and resulting in decreased functionality, smoothness and quality loss; the main cause of agglomeration is the presence of plasticizing water onto the surface of particles (Aguilera et al. 1995) .
According to GEA Niro Research Laboratory (2003) , which characterizes the hygroscopic behavior and the degree of caking, the grugru palm powder is classified as a non-hygroscopic and non-caking product.
Studies about sucrose by Mathlouthi and Rogé (2003) reported that caking is linked to solid bridges created during the agglomeration process, which turned sucrose more hygroscopic. The same can be seen in T1 in which the powder had the highest caking and thereafter making grugru palm powder with higher hygroscopicity, because this is a sweet product with about 17.5 % of sucrose. Costa et al. (2003) reported that the variations in hygroscopic behavior of food powders are also assigned to the Fig. 2 Adsorption isotherms at different temperatures of the best model (GAB) for grugru palm powder without maltodextrin -T1 (a), and best model (Oswin) of for grugru palm powder with maltodextrin 8 % -T2 (b). (Abbreviations: a w 0water activity; X eq 0 equilibrium moisture content g H 2 O g −1 dry basis) powder granulation, as products of finer particles have a greater surface of contact and therefore a greater number of active sites. This report can explain the non-hygroscopicity of grugru palm powder when compared to other high hygroscopic fruits described in the literature, as the particle size of powder of grugru palm is 1,200 μm and most of other fruit powders present a particle size ranging from 500 μm to 600 μm.
Conclusion
The adsorption isotherms of grugru palm powders adjusted by the mathematical models can be classified as Type III. All models adjusted to the powder of grugru palm. However, it is recommend the GAB model in describing the equilibrium of adsorption isotherms for T1 and Oswin for T2.
The grugru palm powder showed a relative increase in moisture in the monolayer (X m ) along with increasing temperature. The values of C and K are in conformity with the classification Type III, and according to Brunauer 0<K<1 and 0≤C≤2.
The grugru palm powder is characterized as nonhygroscopic and non-caking. The T2 treatment, with maltodextrin, showed lesser hygroscopicity.
